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Spin-dependent electron dynamics and recombination in GaAs1−xNx alloys at room
temperature
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We report on both experimental and theoretical study of conduction-electron spin polarization
dynamics achieved by pulsed optical pumping at room temperature in GaAs1−xNx alloys with a
small nitrogen content (x = 2.1, 2.7, 3.4%). It is found that the photoluminescence circular polar-
ization determined by the mean spin of free electrons reaches 40-45% and this giant value persists
within 2 ns. Simultaneously, the total free-electron spin decays rapidly with the characteristic time
≈ 150 ps. The results are explained by spin-dependent capture of free conduction electrons on deep
paramagnetic centers resulting in dynamical polarization of bound electrons. We have developed a
nonlinear theory of spin dynamics in the coupled system of spin-polarized free and localized carriers
which describes the experimental dependencies, in particular, electron spin quantum beats observed
in a transverse magnetic field.
PACS numbers: 71.20.Nr, 72.25.Fe, 72.25.Rb, 78.47.+p, 78.55.Cr
1. INTRODUCTION
Spintronics devices require generation of high electron
spin polarization in non-resonant excitation conditions
and its conservation that must be sufficient to store and
manipulate spin information. We show here that these
requirements can be achieved at room temperature in
dilute nitride III-V semiconductor heterostructures un-
der optical pumping. For this, we use spin-dependent
capture of free electrons by deep paramagnetic centers
present in semiconductor crystal. The spin-dependent
capture results in dynamical polarization of bound elec-
trons which, in its turn, acts as a spin filter increasing
polarization of free electrons1,2,3,4. We demonstrate here,
that, after a short optical pump pulse, the decay of both
a difference of the free-electron spin-up and spin-down
densities and their sum is controlled by the same fast
spin relaxation in the conduction band. As a result, the
spin polarization of free electrons is constant while their
total spin decays fast when the time delay increases.
2. EXPERIMENTAL RESULTS
The samples under study are undoped 0.1-µm-thick
GaAs1−xNx (x = 2.1, 2.7, 3.5%) layers grown by MBE
on a (001) GaAs substrate5. We investigate electron spin
properties by polarized time-resolved photoluminescence
(PL). The samples are excited along the growth axis (z-
axis) by circularly (σ+) polarized 1.5 ps pulses gener-
ated by a mode-locked Ti-sapphire laser with a repeti-
tion rate of 80 MHz. The PL intensities co-polarized
(I+) and counter-polarized (I−) with the excitation laser
are recorded in the backward direction using a S1 pho-
tocathode Hamamatsu Streak Camera with an overall
time-resolution of 8 ps. We measure the PL circular po-
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FIG. 1: Time-resolved PL intensity (solid line), circular po-
larization (points) and total free-electron spin (circles) mea-
sured in GaAs0.979N0.021 alloy at room temperature. The
laser excitation energy is hνexc = 1.39 eV which corresponds
to the photogeneration of carriers below GaAs barrier. The
pump average power is W = 130 mW. Detection energy cor-
responds to the dominant conduction band − heavy-hole re-
combination5. Dashed curves are calculated in framework of
the applied model (see text).
larization degree ρ = (I+−I−)/(I++I−) proportional to
free-electron spin polarization Pe = (n+−n−)/(n++n−)
where n+ and n− are the densities of spin-up and spin-
down free electrons, and n = n+ + n− is the free-
electron total density. Simultaneously, we measure the
free-electron (total) spin density Sz = (n+ − n−)/2,
which for the bimolecular recombination process writes:
Sz ∝ (I+ − I−)/
√
I, where I = I+ + I− is the total PL
intensity.
Figure 1 shows the experimental kinetics I(t) (solid
2line), ρ(t) (points) and Sz(t) (circles) measured in
GaAs0.979N0.021 alloy at room temperature
6. One can see
that I and Sz first rise for ∼ 45 ps, which results from re-
laxation and thermalization of photogenerated carriers.
During this time, ρ varies slightly being close to 25%.
Then the PL decays in two steps: the first one is fast
and the second one is slower with the characteristic de-
cay times of ≈ 15 and ≈ 70 ps, respectively. Simultane-
ously with the fast initial PL decay, the PL polarization
monotonously rises up to ≈ 43% and afterwards keeps
the value at least 2 ns as we estimated considering noise
fluctuations. Such a long conservation of the high PL po-
larization is quite surprising since at room temperature
spin relaxation time of free electrons in undoped bulk
semiconductors of a zinc-bland structure is of the order
of magnitude of 100 ps7,8, i.e. 10 times shorter than we
observed. However, the total electron spin Sz decays fast
with a single characteristic time of about 150 ps.
3. THEORETICAL MODEL AND DISCUSSION
Let us give first a qualitative explanation of the ef-
fects observed. Figure 2 describes schematically two suc-
cessive regimes of the spin-dependent electron dynamics
responsible for the formation of high electron spin po-
larization and its persistence under the circularly polar-
ized interband pulsed photoexitation. We assume that
(i) the density n0 of photoinjected electrons exceeds the
concentration Nc of deep centers containing at equilib-
rium one electron per center, (ii) the deep center can
only capture a photogenerated electron from the con-
duction band with a spin antiparallel to the spin of the
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FIG. 2: Time evolution of (a) the total (solid line) and dif-
ference (dashed) electron densities and (b) the PL intensity
(solid) and circular polarization (dotted), in schematic repre-
sentation.
already present electron, forming a singlet two-electron
bound state1, (iii) the interband electron-hole recombina-
tion contributes negligibly to the balance regulating the
electron and hole densities and (iv) photoinjected holes
are unpolarized because of their fast spin relaxation7.
The first regime starts when all the centers acquire
the second electron, the fast electron capture is blocked
and the further capture is controlled by the photohole
nonradiative recombination with the bound electrons de-
scribed by the hole lifetime τh = (RhNc)
−1, where Rh
is a constant. Thus, the electron and hole densities de-
cay as n = (n0 − Nc) exp (−t/τh), p = n0 exp (−t/τh)
(solid line in Fig. 2a). For the PL intensity one has
I ∝ exp (−2t/τh). This regime ends at the moment t∗1
when the spin minority photoelectrons disappear from
the conduction band: n−(t
∗
1) ≈ 0. This time can be esti-
mated by t∗1 ≈ τh ln (1/|Pi|), where Pi is the initial degree
of electron spin polarization9. Within the time t∗1 the mi-
nority density exponentially decreases to zero while the
density of the majority electrons tends to a finite value
n0|Pi| which results in a monotonously increasing free-
electron spin polarization up to ≈ 100%, see the dotted
curve in Fig. 2b.
The second regime is characterized by the almost un-
occupied minority spin conduction subband and the spin-
polarized bound electrons. The kinetics is governed by
the free-electron spin relaxation time τs: the recombi-
nation rate for the free electrons and holes is given by
n+(t)/τs. This can be understood taking into account
the following balance of rates in the second regime. The
decrease of the electron majority density due to the spin-
flip processes is determined by the rate n+(t)/(2τs). The
reverse-spin electrons are immediately captured by deep
centers which next capture unpolarized holes to gener-
ate unpolarized paramagnetic centers. The majority free
electrons are captured at the generated paramagnetic
centers with the rate n+(t)/(2τs). This leads to the to-
tal decay rate n+(t)/τs for free photoelectrons, so that
n(t) ≈ n+(t∗1) exp (−t/τs), I(t) ∝ exp (−2t/τs) while
their spin polarization keeps on at the level ≈ 100%. The
densities of one-electron (paramagnetic) and two-electron
(nonmagnetic) centers, N1 and N2 (N2 ≡ Nc − N1), re-
spectively, are constant. Particularly, N2 ≈ (Rhτs)−1 be-
cause the hole lifetime equals τs. The second regime ends
at the moment t∗1 + t
∗
2 when the decreasing free-electron
density becomes smaller than N2 and the further kinet-
ics is determined by the hole recombination processes.
The time t∗2 is approximately given by τs ln (n0|Pi|Rhτs)
which can remarkably exceed τs. It is worth to stress that
in contrast to t∗1 the time t
∗
2 is a function of the pump
intensity and can be varied in a wide range.
In contrast to the two-stage decrease of the free-
electron density n(t) with two characteristic times τh
and τs (solid line in Fig. 2a), the spin-dependent dif-
ference n+(t) − n−(t) decays with a single character-
istic time τs (dashed line in Fig. 2a). Therefore, the
total spin Sz = (n+ − n−)/2 of free electrons is con-
trolled by the short time, τs, of their spin relaxation:
3Sz(t) = Sz(0) exp (−t/τs).
The experimental data in Fig. 1 are obtained at the
pump average power of W = 130 mW. At this power, as
our estimations show (see below), the ratio n0/Nc ∼ 10.
In addition, the PL exponential decay at long delay also
indicates bimolecular mechanism of recombination. This
means that n ≈ p and n > N2 up to 425 ps. Thus,
the suggested model can be applied for description of the
experiment. Since n ≈ p, the GaAsN layer under study
represents an intrinsic semiconductor where the lifetimes
of photogenerated electrons and holes coincide, τe ≈ τh.
At the first stage, the PL decay time-constant, τ1, is equal
to τh/2 = (15.0 ± 0.5) ps, therefore, τe ≈ τh = (30 ± 1)
ps. At the second stage, where τe ≈ τs, the PL decay
constant equals τ2 = τs/2 = (72 ± 2) ps, which yields
τe ≈ τh = (144± 4) ps.
The PL polarization is not sensitive to free-electron
spin relaxation, and, therefore, it cannot be used for mea-
suring the time τs. However, the total free-electron spin
Sz decays exponentially with the time constant τs. The
time was found from the experimental dependency Sz(t)
shown in Fig. 1 to be τs = (150 ± 15) ps. Within the
experimental error, this value is two times longer than
τ2 = (72 ± 2) ps which coincides completely with the
model predicting τs = 2τ2. Thus, the measurement of
slow PL decay time at spin-dependent recombination al-
lows us to find the free-electron spin relaxation time.
Note, that the method is more precise as compared to
the measurement of the total spin decay where the ratio
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FIG. 3: PL decay in GaAs0.979N0.021 alloy under σ
+- and
pi-polarized excitation (a) and under σ+ excitation in the ab-
sence and presence of a transverse magnetic field (b). Solid
and dotted curves are experimental transients, dashed curves
are the result of calculation. W (mW): 100 (a), 130 (b).
of (I+ − I−)/√I is found.
The suggested model is based on the dynamical polar-
ization of deep centers, which causes a decrease in the re-
combination rate of the majority spin electrons at the sec-
ond regime. If the deep-center polarization is destroyed
then the free-electron recombination rate increases up to
the one at the fast regime. The disappearance of the slow
range and the PL decay with the single short time τ1 ∼ 16
ps are observed under the change of the exciting light po-
larization from the circular (σ+) to linear (pi) (Fig. 3a).
Switching on the perpendicular magnetic field of 7.8 kG
under σ+-pumping leads to the same effect (Fig. 3b). It
again evidences the relevance of the suggested model.
To describe the experimental results quantitatively, we
use the set of equations4 for the rates of the free- and
bound-electron total spins, respectively, S and Sc, trans-
formed to the form:
dn
dt
+
Re
2
(nN1 − 4SSc) = G ,
dp
dt
+Rh(Nc −N1)p = G ,
p = Nc −N1 + n ,
dS
dt
+
Re
2
(SN1 − Scn) + S
τs
+ S × ω = Pi
2
Goz ,
dSc
dt
+
Re
2
(Scn− SN1) + Sc
τsc
+ Sc ×Ω = 0 .
Here G = G++G−, G± are the photogeneration rates of
electrons with the spin ±1/2, Pi = (G+ −G−)/G, τsc is
spin relaxation time of bound electrons, oz the unit vec-
tor directed along the growth axis z coinciding with the
exciting beam, ω,Ω are the Larmor frequencies defined
by ~ω = gµBB, ~Ω = gcµBB, g and gc are the g-factors
of free and bound electrons,B is the magnetic field. Note
that N1 = N++N− , Sc,z = (N+−N−)/2, where N± are
the densities of spin-up and spin-down paramagnetic cen-
ters, and we assume B ⊥ z. The sign of experimentally
observed positive PL polarization in Fig. 1 corresponds
to the recombination of conduction electrons with heavy
holes5. For the recombination, ρ = P ′Pe = 2P
′Sz/n
7,
where P ′ is a depolarization factor.
Our model considers kinetics when the PL decay starts.
We assume that the decay begins at the time delay
∆t = 55 ps which is used as a fitting parameter. Cal-
culated dependencies of the PL intensity I(t), degree of
circular polarization ρ(t) and spin Sz(t) shown by dashed
curves in Fig. 1 and Fig. 3a are obtained for the follow-
ing parameters: n0/Nc = 10 and 7.7 for Fig. 1 and Fig.
3a, respectively, Re/Rh = 4, τs = 140 ps, τsc = 1500
ps, Pi = 50 and 0% at σ
+ and pi excitations. One can
see, that the calculated curves fit well the experimental
ones. Note that the average value of ρ measured within
the plateau in Fig. 1 equals 43%. It is two times smaller
than the value, 95%, calculated assuming recombination
of conduction electrons with heavy holes. We attribute
the difference in the ρ value to admixture of the conduc-
tion electron−light-hole recombination having the oppo-
site sign of ρ5. A coincidence of the calculated (dashed)
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FIG. 4: Room-temperature electron spin beats in the PL in-
tensity σ+ (solid) and σ− (dashed) components and the de-
gree of PL circular polarization (circles). W = 130 mW.
Dotted curve is the calculated one.
curve ρ(t) with the experimental one in Fig. 1 is obtained
using the fitting coefficient of P ′ = 0.452.
The calculations (not presented here) show that the
normalized relations ρ(t) and I(t) depend weakly on vari-
ation of the parameters n0/Nc and Re/Rh. Specifically,
they virtually coincide at n0/Nc > 20 and Re/Rh >
6. At the same time, we found that calculated for a
continuous-wave (CW) excitation dependencies I and ρ
on both the excitation intensity and transverse magnetic
field (Hanle effect) are very sensitive to these parameters.
Fitting of experimental curves found in Ref. [4] at CW
excitation of the same GaAs0.979N0.021 sample allowed
us to estimate the value of Nc ∼ 4 · 1016 cm−3. This
provided in turn to find the relation of n0/Nc ∼ 10 and
Re/Rh ∼ 4 at the average pulse pump power W = 130
mW.
The value τsc = 1500 ps used in this paper is in agree-
ment with the 600 ps estimate from below for τsc found
in Ref. [4] from the analysis of the Hanle effect. It
should, however, be mentioned that, in comparison to
the continuous-wave measurements of Ref. [4], the time-
resolved data are less sensitive to τsc. Particularly, the
“plateau” of the curve ρ(t) lasts out up to 500 ps even
for τsc decreased to 30 ps which clearly demonstrates dy-
namical character of the observed spin-dependent effects.
Fig. 4 shows the beats in the I+ (solid) and I−
(dashed) PL components and in the polarization degree ρ
(circles) recorded in GaAs0.079N0.021 alloy in the presence
of the transverse magnetic field B = 7.8 kG. These beats
result from the Larmor precession of electron spins. They
have a complex shape since g-factors of free and bound
electrons, g and gc, differ both in their value and sign.
However, the exact values of g and gc in GaAs0.079N0.021
are unknown. Since in our measurements4 the sign of
gc was found to be positive, we believe that the g-factor
of bound electrons is close to the g-factor of electrons in
vacuum, i.e., gc ≈ 2. As for g-factor of free electrons,
a paper devoted to measuring g in GaInAsN dilute ni-
trides is known only10. It was found in this paper that
g is negative. We used g-factor g = −0.9 in our calcu-
lations since at this value the calculated beat period fits
the experimental one. It is seen in Fig. 3b that the peak
I(t) is delayed by 14 ps in the magnetic field 7.8 kG as
compared to the case of B=0. In accordance to this, we
assume that, in the presence of magnetic field, ∆t = 69
ps. Dotted line in Fig. 4 shows the beats of ρ calculated
with g = −0.9, gc = 2 and ∆t = 69 ps. One can see that
our model describes qualitatively the experimental beats
for t > 70 ps.
We have also observed strong PL polarization and its
stability at room temperature in an n-doped (NSi ∼
1017 cm−3) GaAsN layer and in an undoped compres-
sively strained quantum well InGaAsN/GaAs with small
nitrogen content of the order of 1%11. This indicates the
general character of the observed effects.
To conclude, we have measured the giant polarization
(∼ 45%) of free electrons and its persistence (> 2 ns) in
GaAsN alloys at room temperature. We have developed
the nonlinear theory of spin dynamics in a coupled system
of free and localized carriers controlled by spin-dependent
recombination. The theory shows that the increase of
both free and localized electron polarizations up to their
limiting values is due to dynamical polarization of deep
paramagnetic centers. When the latter is effective, the
mean spin of free electrons is independent of their spin
relaxation while the total free-electron spin decays in the
conduction band with the short spin relaxation time of
∼ 100 ps. Also, electron spin quantum beats are observed
in transverse magnetic field at room temperature and
described theoretically.
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